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Introduction
Fragile X syndrome (FXS) is a genetic condition that is the most common form of inherited intellectual impairment. FXS causes a range of neurodevelopmental complications including learning disabilities and intellectual disability and shares many characteristics with autism spectrum disorder (ASD), being one of the leading single-gene causes of ASD (Jacquemont et al. 2007 ). The syndrome is caused by a genetic disorder linked to the X chromosome and, due to this association, it has a higher frequency in males than in females (Turner et al. 1996; Fisch et al. 2002; Coffee et al. 2009 ). The most common form of the disorder is caused by an irregular expansion of a CGG trinucleotide repeat in the gene responsible for FXS, the so-called fragile X mental retardation-1 (FMR-1) gene (Verkerk et al. 1991) . This expansion leads to silenced transcription of the FMR-1 gene, resulting in lack of the encoded protein, fragile X mental retardation protein (FMRP). This leads to abnormal brain development and cognitive dysfunctions, causing a developmental delay typically resulting in patients with an IQ value below 70 (Hagerman, 1996) . Other associated phenotypic abnormalities include behavioural symptoms such as anxiety, social avoidance, attention problems and aggression, and in the most severe cases, autism.
The FXS mouse model, the Fmr-1 knock-out (Fmr1 −/y ) mouse, which lacks expression of FMRP, displays phenotypes similar to those observed in humans with FXS including enlarged testes, impaired cognitive function (including learning disabilities), disrupted memory, repetitive behaviours, seizure susceptibility and abnormal dendritic spines characterized as being long, thin and immature (The Dutch-Belgian Fragile X Consortium, 1994; Chen & Toth, 2001; Nimchinsky et al. 2001; Yan et al. 2004 Yan et al. , 2005 Lewis et al. 2007; Spencer et al. 2011; Boda et al. 2014; Bostrom et al. 2016) . Furthermore, increasing evidence suggests that lack of FMRP plays an important role in synaptic plasticity (Sidorov et al. 2013) , which probably represents the cellular basis for learning and memory (Neves et al. 2008) .
Multiple labs have reported increased hippocampal metabotropic glutamate receptor (group 1)-mediated long-term depression (mGluR-LTD) in the CA1 area of Fmr1 −/y mice (Huber et al. 2002; Dölen & Bear, 2008; Michalon et al. 2012; Barnes et al. 2015; Toft et al. 2016; Chatterjee et al. 2018) ; however, this mGluR-LTD depends strongly upon active NMDA receptors (NMDARs) in adult Fmr1 −/y mice (Toft et al. 2016) . On the other hand, reports of NMDAR-dependent long-term plasticity (LTP) in Fmr1 −/y mice have been less clear. Several reports have documented impaired LTP in different brain regions (Godfraind et al. 1996; Paradee et al. 1999; Li et al. 2002; Zhao et al. 2005; Desai et al. 2006; Meredith et al. 2007; Shang et al. 2009 ) including area CA1 of the hippocampus (Lauterborn et al. 2007 ; Lee et al. 2011) . Together, these studies point toward abnormalities in NMDAR-mediated synaptic plasticity signalling in the hippocampus of Fmr1 −/y mice. In this study, we examine the effects of inhibition of NMDAR-specific GluN2 subunits in the hippocampus CA1 area in wild-type (WT) and Fmr1 −/y mice, and in offspring derived from mating of Fmr1 −/y and Grin2a −/− mice. We show that impaired LTP in the CA1 depends strongly upon Schaffer collateral stimulation intensity in brain slices of Fmr1 −/y mice. In addition, pharmacological or genetic blockage of GluN2A-containing NMDARs completely rescues LTP and mGluR-LTD in Fmr1-deficient mice whereas the same treatment has no apparent impact on WT mice.
Experimental procedures

Ethical approval
The animal experiments were conducted in accordance with the animal care guidelines of Aarhus University, and conform to the principles and regulations as described by Grundy (2015) .
Animals
We used postnatal day (P) P30-40 male Fmr1 −/y mice (Fmr 1tm1cgr /j; MGI:1857169; TmRRID: IMSR JAX: 003025, the Jackson Laboratory, Bar Harbor, ME, USA), Grin2a −/− (Grin2a tm1Mim ; MGI:1928285) and C57BL/6 WT mice for this study. The Fmr1 −/y mouse was bred in a C57BL/6 background. Grin2a tm1Mim mice were generated by Masayoshi Mishina and his group (Sakimura et al. 1995) and were back-crossed repeatedly with C57BL/6 mice (Kiyama et al. 1998 
Slice preparation
The animals were deeply anaesthetized with isoflurane using a vaporizer and decapitated. Brains were rapidly removed and placed in ice-cold slicing solution containing the following ACSF (in mM): 130 NaCl, 3.5 KCl, 24 NaHCO 3 , 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 5 MgCl 2 and 10 glucose, equilibrated with 95% O 2 /5% CO 2 mixture, pH 7.4. Coronal slices of 300 μm were prepared with a Leica VT1200S vibrating microtome (Leica, Wetzlar, Germany) and were incubated at room temperature for ß1 h before being transferred to a recording chamber in the medium described above with the exception that MgCl 2 was lowered to 1.5 mM and CaCl 2 was raised to 2 mM. Slices in the recording chamber were allowed to rest for an additional ß2 h before the start of recordings. To test for the involvement of excitatory inputs from CA3, in about half of the experiments (randomly selected from all genotypes), CA3 was surgically removed immediately after sectioning with no clear difference between recordings made in slices with or without a cut [average amount of LTP at timepoint 60 min after theta burst stimulation (TBS) induction: WT: 141 ± 5 (n = 21); WT cut : 138 ± 4 (n = 28); P > 0.6(data not shown)].
Experimental design and statistical analysis
Individual slices were placed in an interface tissue slice chamber (BSC2, Scientific System Design), where the temperature was maintained at 30.0 ± 0.3°C. The slices were perfused with carbogenated ACSF with a flow rate through the chamber of 2.5 ml/min set with a peristaltic pump. A bipolar stimulating electrode made from twisted nichrome wires (66 μm; A-M Systems, Carlsborg, WA, USA) was placed on the surface of the stratum radiatum area of CA1 to orthodromically stimulate the Schaffer collateral/commissural fibres. Dendritic field excitatory postsynaptic potentials (fEPSPs) were recorded in stratum radiatum of CA1 using a glass micropipette filled with 2 M NaCl with an electrode resistance of 4-6 M . Dendritic fEPSPs were evoked with a single or paired-pulse (interstimulus interval of 25-50 ms) stimulation with stimulation intensity of 25-150 μA yielding an fEPSP of about 50% of maximum response (Fig. 1C ). Recordings were collected every 20 s and were low-pass filtered set at 1 kHz and amplified with a differential AC amplifier model 1700 (A-M Systems). fEPSP slopes were measured and analysed from digitized EPSPs (NacGather 2.0, Theta Burst Corp., Irvine, CA, USA). The time scale of each experiment was adjusted to the time from onset of the stimulation protocol. For each experiment, extrapolation of at least 20 min before the stimulus baseline was used to create a post-stimulus baseline. Data were normalized and averaged across experiments and expressed as mean ± SEM. For clarity of presentation, three data points were averaged and represented as one point in each individual experiment before the mean across experiments was calculated.
Recordings from Fmr1 −/y and Grin2a −/− cross-bred mice and genotyping of the mice were performed blinded for the investigators. Drugs and/or LTD/LTP-inducing stimuli were not applied until after a stable baseline was achieved for at least 20 min. Synaptic LTP was induced by TBS, consisting of a train of 5, 10 or 20 theta bursts (each containing four pulses at 100 Hz, with an interburst interval of 200 ms). mGluR-dependent LTD was induced by 900 double-pulses at 1 Hz (PP-LFS) in the presence of DL-2-amino-5-phosphonopentanoic acid (APV) when indicated.
Examples of raw traces in figures are scaled to the following: x-axis, 5 ms; and y-axis, 0.5 mV.
All statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA) or MS-Excel. Significant differences between groups were tested using Student's t-test, one-way ANOVA test or Kolmogorov-Smirnov (K-S) test when appropriate.
Chemicals
The recordings were done in the presence or absence of different NMDAR antagonists:
(1,2,3,4-tetrahydro-2,3-dioxo-5-quinox alinyl)methyl] phosphonic acid tetrasodium hydrate (NVP-AAM077; 0.1 μM), 3-chloro-4-fluoro-N-[4-[[2-(phenylcarbonyl) −/y and Grin2a −/− /Fmr1 −/y (males only) mice were purified using the following steps: samples were dissected and homogenized on ice in a solution containing 0.32 M sucrose, 20 mM Hepes (pH7.4), 1 mM EDTA, 1× protease and phosphatase inhibitor cocktail, 5 mM NaF and 1 mM sodium vanadarte. Samples were centrifuged at 135 g for 10 min at 4°C and the precipitate was discarded. The supernatant was centrifugated again at 13,500 g (4°C; 10 min). The pellet, which contains the crude synaptosomal fraction, was resuspended and fEPSP slope (% of baseline) Cumulative freq KO(10) KO (20) WT (10) WT ( Time (min) KO (20) WT ( sonicated in protein lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA, 1 mM sodium vanadate, 5 mM NaF, 1× protease and phosphatase inhibitor cocktail). Protein concentration was determined using a Pierce BCA protein assay. Protein samples were boiled for 5 min in sample buffer before loading of 30 μg protein onto a 10% Tris-HCl gels (Bio-Rad, Hercules, CA, USA) and electrophoresed at 100 V for about 90 min, resolved by SDS-PAGE, and semi-dry transferred (Bio-Rad) to PVDF membranes for 45-60 min at 25 V. Blots were blocked in 1× casein buffer (Sigma, B6429) for 1-2 hours and incubated with primary antibody overnight at 4°C followed by secondary antibody for 1 hour at room temperature. For imaging, the GeneSys Pxi4 system was used following manufacturers' protocols and bands were quantitated and normalized relative to the expression of β-actin using Image-J software (NIH). The following antibodies were used: rabbit anti-GluN2B ( 
Results
Hippocampal long-term potentiation
The Schaffer collateral-CA1 pyramidal cell synapse is one of the best-studied synapses in the mammalian brain and exhibits mGluR-dependent LTD (Bolshakov, 1994; Oliet et al. 1997) , and NMDAR-dependent LTP (Malenka & Nicoll, 1999; Lu & Malenka, 2012) . Here, after collecting stable baseline responses in WT hippocampal slices, application of a train of 10 theta bursts (10 TBs) induced LTP (Fig. 1Aa) . Thus, 60-min after application of 10 TBs, a clear and significant increase in the fEPSP slope in slices from WT mice was observed (139 ± 5%, P = 0.0001, n = 19). In contrast, in the Fragile X mouse (Fmr1 −/y ), using the same protocol did not elicit LTP; instead, the post-tetanic potentiation decayed rapidly to baseline (108 ± 4%, P > 0.05, n = 12). The lack of LTP in the Fmr1 −/y mice could be reversed by increasing the number of theta bursts to 20 (20 TBs, Fig. 1Ab , KO: 135 ± 6%, P = 0.0001, n = 16). Next, to further investigate the threshold needed to induce LTP in Fmr1 −/y mice, a stepwise increase in the number of theta bursts was applied to slices with a 30 min time interval. The first application of five TBs at time point 0 induced stable LTP in WT (147 ± 5%) but not in Fmr1 −/y (117 ± 2%) mice, supporting impaired Fmr1 −/y LTP. After 30 min another five TBs were applied. Again, in WT we observed a small but significant increase in LTP (180 ± 8%) but not in Fmr1 −/y (126 ± 5%). After 60 min, application of an additional 10 TBs enhanced LTP in the WT to its maximal level (200 ± 10%) but had no effect on the Fmr1 −/y (126 ± 9%). Finally, at 90 min, application of 20 TBs had no additional impact on WT LTP (191 ± 9%). However, in the Fmr1 −/y mice, we observed full LTP that was not significantly different from WT (195 ± 17%, P > 0.05) (Fig. 1D, E) . One concern in this series of experiments could be that the lack of LTP in Fmr1 −/y might be due to exhausted slices after repeated applications of TB protocols; however, as shown in Fig. 1Ab , in our hands, only a single 20 TBs and not 10 TBs were able to induce stable LTP in naïve Fmr1 −/y slices (Fig. 1Aa,b) . Overall these experiments confirm previous reports using different stimulation paradigms that the machinery for generating LTP in the Fmr1 −/y mouse is present but not working properly (Godfraind et al. 1996; Li et al. 2002; Lee et al. 2011 ). Previously we have found that subtype-specific NMDAR antagonists affect mGluR-dependent LTD differently in the adult Fmr1 −/y vs. WT mouse (Toft et al. 2016) . Notably, we found that altered GluN2A/GluN2B balance sets the level of LTD in the adult Fmr1 −/y mouse. The two main types of NMDARs in the brain are GluN2A-and GluN2B-containing channels (Wyllie et al. 2013 ) and thus, we tested whether the GluN2A-and GluN2B-specific inhibitors, TCN-201 and CP-101,606, respectively, affect LTP in the Fmr1 −/y and WT hippocampal slices. Pre-incubation slices with CP-101,606 blocked LTP in WT after application of 10 TBs whereas in Fmr1 −/y slices it had no apparent effects (Fig. 2Aa,b) .
In contrast, pre-incubation with the selective GluN2A antagonist TCN-201 (Hansen et al. 2012) had no effects on LTP in WT but, surprisingly, completely rescued LTP in Fmr1 −/y slices (143 ± 4%, P = 0.0001, n = 15; Fig. 2Ba,b) . As a control, we next tested another relative selective GluN2A inhibitor, NVP-AAM077 [but which is less selective than TCN-201: ß6-12× selectivity for GluN2A over GluN2B (Yashiro & Philpot, 2008) ] in our slice preparations. Pre-incubation of Fmr1 −/y slices with NVP-AAM077 produced similar effects as observed with TCN-201 (Fmr1 −/y NVP : 134 ± 6%, n = 11 vs. Fmr1 −/y TCN201 : 143 ± 4%, n = 15, P > 0.05) (Fig. 2Bb , Cb), strongly supporting a dysregulatory role of GluN2A in the Fmr1 −/y mouse brain. Furthermore, in other control experiments, application of the broad-spectrum NMDAR antagonist, APV, blocked LTP in both WT and Fmr1 −/y slices ( Fig. 2C) , confirming the NMDAR dependency of this type of LTP (Morris et al. 1986 ).
Long-term depression
If blockage of GluN2A-containing NMDARs leads to rescue of LTP in (PP-LFS) in the presence of the NMDAR antagonist, APV, to induce mGluR5-dependent LTD, significantly increased LTD in the Fmr1 −/y mice [KO APV : 40.4 ± 4.2% (n = 15) over WT (WT APV : 24.1 ± 3.6% (n = 15); P < 0.01 Student's t-test; Fig. 3A,B,D) ].
Recording in the absence of any NMDAR antagonists revealed the 'total' LTD component in this process (LTD ctrl Fig. 3D ). These experiments suggest that in Fmr1 −/y slices, GluN2A-containing NMDARs apparently not only play prominent roles in LTP but also in mGluR-dependent LTD. This supports our hypothesis that blockage using GluN2A-specific antagonists shifts the LTP-LTD threshold balance towards more LTP and less LTD at the CA3→CA1 synapse in Fmr1 −/y mice. Activation of NMDARs leads to an influx of intracellular calcium that precedes activation of multiple kinases, including Ca 2+ /calmodulin-kinase II (CaMKII), which are important steps involved in the induction of synaptic plasticity. In a set of control experiments, we next tested whether blocking CaMKII had any impact upon establishing LTP and LTD. Blocking CaMKII activity using the CaMKII inhibitor KN93 blocked WT-LTP but had no apparent effects on Fmr1 −/y -LTP. In addition, the KN93 inactive analogue KN92 appeared to have no effects in both WT and Fmr1 −/y mice (Fig. 4A) . Interestingly, blocking CaMKII in PP-LFS with KN93 inhibited LTD in the WT but not in Fmr1 −/y mice (Fig. 4C) . Combined, these experiments support an important role for GluN2B in establishing LTP and LTD in WT but not in Fmr1 −/y mice.
Genetic elimination of GluN2A in Fmr1
−/y A possible explanation of our findings with TCN-201 could be an unknown compound side effect(s) in the Fmr1 −/y mouse. To address this concern we generated offspring from Fmr1 −/y ×Grin2a −/− matings and obtained the following genotypes:
+/− and WT animals. Challenging hippocampal slices from the six genotypes with the 10 TBs protocol confirmed normal LTP in WT and no or very little LTP in the Fmr1 −/y offspring (Fig. 5) . Furthermore, similar to Sakimura et al. (1995) , we found impaired LTP in Grin2a −/− littermates. Interestingly, in slices of the double knock-out, Fmr1 −/y /Grin2a −/− , at 60 min after LTP induction, LTP was normalized to the same degree as observed in WT littermates [134 ± 3% (n = 24) vs. 139 ± 3% (n = 31) in WT; P > 0.05, unpaired Student's t-test; Fig. 5] .
In a final control experiment, we measured the synaptosomal protein levels in WT and Fmr1 −/y hippocampus. As reported for adult animals (P60-80; Toft et al. 2016 ), here we also found that both GluN2A and GluN2B protein levels were elevated in Fmr1 −/y mice (Fig. 6) . The ratio GluN2A/GluN2B was increased slightly in the Fmr1 −/y mice but at this developmental stage (P30-40) was not quite significant (108 ± 3%; P > 0.05). Not surprisingly, the GluN2A/Glun2B ratio in Grin2A −/− /Fmr1 −/y mutants was strongly reduced (2 ± 1%; P < 0.01; Fig. 6Bb ). Interestingly, in the Grin2A −/− /Fmr1 −/y mutants, GluN2B was slightly upregulated when compared to WT (122 ± 11%; P < 0.05, Fig. 6Ba) . Combined, these experiments support a strong role for dysregulated NMDARs in the pathophysiology of FXS.
Discussion
NMDARs are involved in many different forms of synaptic plasticity. LTP and LTD are measurements of synaptic plasticity, which was to be important for information storage in the brain and cognitive processes (Malenka & Nicoll, 1999 ). Here we find that TBs induced an NMDAR-dependent form of LTP that is impaired in Fmr1 −/y mice. Interestingly, the impaired LTP can be fully rescued by pharmacological blockade or genetic inactivation of GluN2A-containing NMDARs.
Several reports have described LTP deficit in multiple brain regions in Fmr1 −/y mice (Godfraind et al. 1996; Paradee et al. 1999; Li et al. 2002; Zhao et al. 2005; Desai et al. 2006; Meredith et al. 2007; Shang et al. 2009 ) and in agreement with both Lauterborn et al. (2007) and Lee et al. (2011) , we observed a clear and strong impairment in hippocampal CA3-to-CA1 LTP. The impairment depends strongly upon stimulation intensity: fewer TBs were needed to induce LTP in hippocampal slices of WT than Fmr1 −/y mice (Sidorov et al. 2013) . This is in accordance with a higher threshold to induce hippocampal LTP in Fmr1 −/y mice. Under our experimental conditions only very 'harsh' TBs (20 TBs) could induce normal LTP in the Fmr1 −/y mice. It is interesting to note that induction of LTP in KO slices did not alter the short-term facilitation of the synaptic response immediately after tetanic stimulation (post-tetanic potentiation), but this increase was short-lived because the amplitude of the postsynaptic response returned to baseline levels within 10-15 min. This suggests that the influence of the Fmr1 mutation lies outside the LTP mechanism, but within a mechanism that influences the ability to reach LTP threshold. Such mechanism could be changed dendritic membrane properties, such as altered ion channel expression patterns that affect neuronal excitability (Contractor et al. 2015) .
Role of NMDARs in LTP
The main types of hippocampal NMDARs contain, in addition to the obligatory GluN1 subunit, the subunit GluN2A or GluN2B, and although still debated based upon mainly pharmacological experiments (Bartlett et al. 2007; Morishita et al. 2007; Xu et al. 2009 ), both subunit types have been suggested to play distinct roles in long-term synaptic plasticity (Liu et al. 2004; Massey et al. 2004) . In agreement with this, we found both GluN2A and GluN2B proteins were present and upregulated in the Fmr1 −/y hippocampus at this developmental stage. FMRP is a negative regulator of translation of many proteins including GluN2A and GluN2B. Thus, both GluN2A and GluN2B have been reported to be upregulated in Fmr1 −/y mice (Schütt et al. 2009; Edbauer et al. 2010; Darnell et al. 2011; Toft et al. 2016) . Interestingly, GluN2B was being compensated for a lack of GluN2A in Grin2A −/− /Fmr1 −/y . However, no difference for GluN2B between Grin2A −/− /Fmr1 −/y and Fmr1 −/y was found, suggesting this upregulation is driven by a lack of FMRP rather than lack of GluN2A.
A third class of NMDARs exists containing both types of GluN2: triheteromeric NMDARs (GluN1/GluN2A/GluN2B) (Rauner & Köhr, 2011; Tovar et al. 2013) . However, knowledge of the role(s) of . Enhanced hippocampal GluN2A and GluN2B NMDAR protein levels in Fmr1 −/y mice A, representative immunoblots of GluN2A and GluN2B from synaptosome lysate. Hippocampus proteins were purified from 4-5 WT or Fmr1 −/y mice and normalized to the β-actin level. Ba, both GluN2A and GluN2B were significantly elevated in Fmr1 −/y compared to WT mice. There was a significant difference between the groups (GluN2A: n = 7; F 2,23 = 40.18; P < 0.01; GluN2B: F 2,20 = 5.65;P < 0.01; n = 7; one-way ANOVA followed by a Tukey test). Bb, the GluN2A/GluN2B ratio is not significantly different between Fmr1 −/y and WT mive at this age.
There was a significant difference between WT and Grin2A −/− /Fmr1 −/y as indicated on the figure (F 2,23 = 86.11; one-way ANOVA followed by a Tukey test).
effect was not only observed using TCN-201; testing with another GluN2A-specific compound, NVP-AAM077 (Berberich et al. 2005) , had similar effects on LTP in Fmr1 −/y . Rescuing Fmr1 −/y -LTP depends exclusively upon blocking GluN2A, suggesting that GluN2A-containing NMDARs are, at least in part, functioning as heterodimeric GluN1/2A NMDARs in the Fmr1 −/y mice (in contrast to triheteromeric GluN1/2A/2B). Furthermore, such a heterodimeric GluN2A-containing NMDAR (GluN1/2A) pool either does not exist in the WT synapse or it exists but at different locations. Furthermore, just as with the importance of GluN2B-containing NMDARs in WT LTP, these experiments also reveal that the residual NMDAR activity -the GluN2B-containing NMDARsin the Fmr1 −/y mice is still crucial for LTP induction. Hence, in the Fmr1 −/y mutants, blockage of both GluN2A and GluN2B did not rescue LTP (Fig. 2Cb) , which was also noted with the application of the broad-spectrum NMDAR inhibitor, APV (Fig. 3) . In other words, functional GluN2B-containing NMDARs in LTP is also a necessity in Fmr1 −/y mice. To validate GluN2A as a potential therapeutic Fmr1 target, we crossed Fmr1 −/y mice with the Grin2a −/− mouse to create a double knockout mouse (GluN2a −/− /Fmr1 −/y mice). In contrast to pharmacological blocking GluN2A in WT, we found, in agreement with others (Kiyama et al. 1998; Köhr et al. 2003; Berberich et al. 2007) , that mice that lack the GluN2A subunit, or just the GluN2A carboxy-terminal tail (Sprengel et al. 1998; Köhr et al. 2003) , exhibit deficits in LTP. This difference may be the product of acute vs. chronic blockage/removal of the receptor in WT. In Fmr1 −/y mice, however, both acute and chronic treatment of GluN2A rescued the phenotype. The exact reasons for this difference are not clear however, and this puts GluN2A in a pivotal position; too much or too little GluN2A signalling downregulates synaptic plasticity. In summary, pharmacological blockage or genetic deletion of GluN2A ameliorates the synaptic plasticity deficit in Fmr1 −/y mice, supporting an important role for GluN2A in hippocampal LTP in FXS.
Role of NMDARs in LTD
The level of neuronal synaptic plasticity is set by a delicate balance between LTP and the opposite process, LTD. It is well known that the Fmr1 −/y mouse exhibits an enhanced mGluR-dependent form of LTD in CA1 (Huber et al. 2002; Toft et al. 2016 ) that depends upon active NMDARs (Toft et al. 2016) . Interestingly, in contrast to adult mice, here we found that the levels of LTD at this younger (juvenile) developmental stage in the Fmr1 −/y mice depends primarily upon the activity of GluN2A-containing receptors. Thus, inhibiting GluN2A-containing NMDARs not only rescued the impaired LTP but also reduced the enhanced mGluR-LTD observed in the Fmr1 −/y mouse (Fig. 3) . This was in contrast to WT, where we found that inhibiting GluN2B-containing NMDARs blocked LTD, supporting the findings from Liu et al. (2004) and consistent with our original conclusion (see e.g. fig. 5 in Toft et al. 2016 ) that NMDARs are indeed strongly dysregulated in the FmR1 −/y mouse. Thus, we recently described that the GluN2A/GluN2B ratio in the Fmr1 −/y mouse appears to be out of balance (Toft et al. 2016) and reported that this strongly affected Fmr1 −/y mGluR-LTD. An interesting twist presented here is that blocking all NMDAR signalling (by APV) in Fmr1 −/y mice revealed a non-existent LTD NMDAR component. However, at the same time, inhibiting exclusively GluN2A-containing NMDARs (by TCN-201) rescued the well-characterized and well-known enhanced mGluR-LTD in FXS, suggesting that Fmr1 −/y -LTD is still NMDAR-regulated. The findings presented here support our previous findings (Toft et al. 2016 ) that NMDAR-signalling and mGluR-dependent LTD are intertwined and not easy to dissect (at least not in FXS). Thus, NMDARs are indeed known for stimulating mGluRs, and vice versa (Aniksztejn et al. 1992; Harvey & Collingridge, 1993; Challiss et al. 1994; Lüthi et al. 1994; Fitzjohn et al. 1996; Gereau & Heinemann, 1998; Alagarsamy et al. 1999; Collett & Collingridge, 2004) .
Activation of NMDAR gives rise to calcium influx, which in turn leads to multiple events, including CaMKII activation. CaMKII is heavily implicated in synaptic plasticity, especially LTP (Lisman et al. 2012 ) but also LTD (Coultrap et al. 2014) . Interestingly, CaMKII is one of many kinases, scaffolding and other synaptic proteins that are upregulated and/or dysregulated in Fmr1 −/y animals (Zalfa et al. 2003 (Zalfa et al. , 2006 Bassell & Warren, 2008; Schütt et al. 2009; Osterweil et al. 2010; Edbauer et al. 2010; Darnell & Klann, 2013) . In this study, we show that after blockage of CaMKII, both LTP and LTD in WT were strongly affected (Fig. 4) . A current model suggests that once activated, CaMKII translocates from the cytoplasm to the synapse where it will bind to NMDARs, most strongly to GluN2B-containing NMDARs, supporting an important role for GluN2B in WT. Based upon our data, we would predict that CaMKII in the Fmr1 −/y mouse would play only a minor role. Indeed, blocking had no apparent effects in synaptic plasticity in Fmr1 −/y mice, supporting the hypothesis that Fmr1 −/y is not dependent upon GluN2B dependency.
In contrast, our data support an important role for GluN2A in Fmr1 −/y mutants and demonstrate that activity of GluN2A can up-or downscale synaptic strength by changing the thresholds of LTP and LTD. This suggests that once the dysregulated GluN2A-containing receptors are under pharmacological (and/or genetic control) Fmr1 
Therapeutic target in FXS
NMDARs have strong potential as therapeutic targets in multiple brain disorders, including FXS (Paoletti et al. 2013; Gurney et al. 2017) . However, all NMDAR targets are heavily involved in normal cognitive memory, neuronal plasticity and neuronal toxicity. Thus, lowering NMDAR activity can result in serious pathological conditions. Until recently, most of the NMDAR compounds that showed most promise as inhibitors of pathological conditions also blocked normal neuronal function and consequently had severe and unacceptable side effects. As presented here, this puts new GluN2A-subtype specific NMDAR inhibitors (e.g. TCN-210) in a unique light (Bettini et al. 2010 ; see also Yuan et al. 2015) . Our data support GluN2A-specific compounds as interesting potential lead compounds for future FXS research. Thus, we show here that blockage of excess glutamate activity in FXS can rescue hippocampal LTP possibly through inhibition of specific heterodimeric GluN2A NMDARs. Importantly, this suggests that the remaining NMDAR activity after GluN2A blockage has the potential to restore hyperactive brain function to (a more) normal-like level in FXS patients. However, in GluN2A-deficient mice, short-term memory deficiencies were observed (Bannerman et al. 2008) , and GluN2A deficiencies and dysfunction are tightly associated with neurodevelopmental disorders in human patients (Burnashev & Szepetowski, 2015) . Thus, it remains to be determined whether GluN2A-dependent cognitive and behavioural deficiencies still show effects in the genetic background of mice with FXS phenotypes.
